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Abstract 
A hybrid power generation system using biomass gasification and concentrated solar thermal processes 
(CSTP) was proposed. We analysed the system performance of a combined cycle with a bubbling 
fluidized bed gasifier (BFG) using CO2-H2O-O2 mixture and CSTP using molten salt. BFG was simulated 
by a semi-kinetic model, applying a continuously stirred tank reactor (CSTR) model for the bed 
behaviour and a plug flow reactor (PFR) model for the freeboard reactions. Operating conditions of the 
plant and heat exchanger network were optimized separately. The current paper shows the effects of 
gasifying agents and heat input from CSTP on system efficiency among examined parameters. Pure steam 
at the molar ratio of steam to carbon in biomass around 0.5 was optimum gasifying agent in this system. 
By increasing heat input from CSTP, marginal efficiency of biomass-to-electricity was enhanced by 6.2-
6.5% (from 39.9 ~41.2% to 46.1~47.5%). 
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1. Introduction 
Performance of biomass gasification-based biorefinery increases by integrating to other systems, e.g. 
process industries [1]. Concentrated solar thermal process (CSTP) with heat storage system stably 
supplies hot molten salt (500°C) [2]. In this paper, a combined cycle power generation system integrating 
bubbling fluidized bed gasifier (BFG) using CO2-H2O-O2 mixture and CSTP was proposed. 
We developed a semi-kinetic model of BFG and overall system performance with a combined cycle 
(electricity output and efficiency) was calculated. First, sensitivity analysis of the performance for each 
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component was carried out. After the selection of operation parameters according to sensitivity analyses, 
electricity output and efficiency of the hybrid power generating system was estimated by pinch analysis.  
2. Analytical method 
2.1. Semi-kinetic model simulation of BFG 
Semi-kinetic model simulation is more accurate model to predict gas composition from fluidized bed 
gasifier than equilibrium model [3], and it took less time to calculate than CFD simulation. The model in 
this paper consists of non-kinetic-based flaming pyrolysis section and kinetic based gasification section. 
Raw biomass was converted completely to CO, CO2, H2O, CH4, and char during flaming pyrolysis. Since 
CH4 yield depends on biomass species, it was empirically calculated by using pilot scale experiment data 
[4]. The amount of char from pyrolysis was also taken from literature data [5]. Since combustion rate and 
diffusivity of H2 is much higher than CO and CH4, all H2 from pyrolysis was assumed to immediately 
combust. CO, CO2, and H2O yield was calculated by atomic balance. A continuously stirred tank reactor 
(CSTR) model was applied for char gasification and water-gas shift reaction (WGSR) in the bed. Char 
extraction rate and residence time in bed were estimated to satisfy the mass balance with biomass feeding 
rate, bed volume, and void fraction under bubbling condition. WGSR in freeboard was simulated by using 
a plug flow reactor (PFR) model.  
Semi-kinetic model was validated with experimental data of a pilot scale plant [3]. The result of semi-
kinetic model simulation was satisfactorily close to experimental data at wide range of conditions. To 
satisfy the syngas demand in the hybrid power generating system, geometry of the BFG in the simulation 
was scaled up from that of pilot scale plant by using scale-up criteria of the literature [6]. Biomass feeding 
rate was increased from 10-21.6kg/h to 1.5 ton/h and pressure in BFG was increased from ambient 
pressure to 1.5 MPa. 
2.2. Calculation of the overall hybrid power generating system performance 
The hybrid power generating system mainly consists of air separation unit (ASU), steam generator 
(SG), BFG, CSTP, gas turbine, and Rankine cycle (Fig.1). O2, CO2 and H2O are supplied to BFG from 
ASU, exhaust gas from gas turbine and SG, respectively. O2 and CO2 are compressed to 1.5MPa before 
injection. Pressure ratio of gas turbine is 10 and turbine inlet temperature is 1000 °C. CO2 and O2 are 
injected to the compressor of the gas turbine. The steam pressure and tempereture of Rankine cycle is 4 
MPa and 400°C. The temperature of molten salt from CSTP is 500 °C and it can be cooled down to 
300 °C. Heat exchanger network is constructed independent of mass flow by using heat demands and 
supplies. Heat demands exist at: 
z SG and preheater of supplied gases for BFG 
z Preheater of compressed gas in gas turbine before combustion 
z HRSG of Rankine cycle 
Heat supplies exist at: 
z Compressed air at ASU 
z Compressed CO2 for FBG between first and second compressor 
z Syngas from FBG before gas cleaning system 
z Hot malten salt from CSTP 
z Exhaust gas of gas turbine 
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Fig. 1 Schematic figure of hybrid power generation system. Dashed line indicates the black-boxed heat exchangers network. (ASU: 
air separation unit; CSTP: concentrated solar thermal process; FB: fluidised bed; SG: steam generator) 
 
 Operating conditions of the plant and heat exchanger network was calculated separately to estimate 
electric output and efficiency of the system. First, the temperatures and mass flow at each point except for 
staem flow in Rankine cycle was calculated. Second, a optimum staem flow in Rankine cycle for heat 
exchanger network was calculated by making a grand composite curve (GCC). Finally, electricity outputs 
and consumptions of each facility was calculated. 
3. Result and discussion 
The current paper shows the effects of gasifying agents of BFG and heat input from CSTP on electric 
output. Gasifying agent was mixture of CO2, H2O and O2, and O2 supply rate was adjusted to keep bed 
temperature 800 °C. The mixing ratio of CO2 and H2O was varied from pure CO2 to pure H2O. The 
feasible conditions of gasifying agent were limited by fluidization velocity and horizontal scale-up criteria 
[6]: molar ratio of CO2+H2O to carbon in biomass was to be kept from 0.5 to 1.5. Figure 2 shows the 
results when the capacity of FBG was 50 MW and the heat input from CSTP was set at 0, 50, and 500 
MW. In all the cases, the electricity output was highest when pure H2O was used at H2O to carbon ratio 
around 0.5. Lower amount of gasifying agent was favourable because it requires heat for preheating while 
the majority remained unreacted in FBG. Gasification with H2O required more heat in SG than 
gasification with CO2, i.e. less heat available in Rankine cycle, while it generated syngas with higher 
heating value. Electricity output from gas turbine increased significantly with heating value while 
electricity output in Rankine cycle decreased moderately. Hence, steam gasification ended up to have 
higher system efficiency than CO2 gasification. 
Fig. 2 Effect of gasifying agents on electric output. The value Vertical axes indicates CO2+H2O molar ratio to carbon in biomass 
of supplied gas for BFG and horizontal axes indicates CO2 molar ratio to CO2+H2O. 
 
In order to evaluate improvement of the efficiency of the system due to integration of processes, 
marginal efficiencies (ƞmarginal) were calculated with Eq. 1. 
    ƞmarginal = (Pele.hybrid – Pele.CSTP) / QBiomass   (1) 
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Pele.hybrid  means the electric output of the system. QBiomass is biomass energy supply based on LHV. 
Pele.CSTP means electric output of stand-alone CSTP power generation system. It was calculated separately, 
and yielded as: 
    Pele.CSTP = 0.273 × QCSTP     (2) 
where QCSTP is heat input from CSTP. Fig. 3 shows the effect of heat input from CSTP on the marginal 
efficiency. As heat input from CSTP increased, the marginal efficiency increased with three distinct 
regions: 0-40 MW with highest increasing rate;  40-
150 MW with moderate increasing rate; and constant 
marginal efficiency above 150 MW. The change in 
the rate of efficiency increase is due to pinch 
tempereture change. When CSTP was lower than 40 
MW, pinch temperature was at saturated temperature 
of steam to be supplied to BFG (198°C). When 
CSTP was around 40-150 MW, pinch occurred at 
inlet temperature of  high pressure feed water heater 
in Rankine cycle (121°C) or dewpoint of steam in 
exhaust gas from gas turbine (100 °C). When CSTP 
was larger than around 150 MW, pinch occurred at 
inlet temperature of low pressure feed water heater 
in Rankine cycle (54°C). 
4. Conclusion 
Analysis of hybrid power generation system integrating FBG and CSTP was conducted by applying 
semi-kinetic model for simulation of FBG and pinch analysis for calculating power output. Effects of 
gasifying agents of BFG and heat input from CSTP on electric output and efficiency were examined. The 
system generates most electrity with steam-O2 mixture at lowest possible flow rate. By increasing heat 
input from CSTP, the marginal efficiency of the hybrid system improved at maximum 6.2-6.5%. 
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Fig. 3 Marginal efficiency change with increase of heat 
input from CSTP 
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